Terrestrial gastropods are both herbivores and detritivores, but the ratio between these two modes of feeding can be highly variable over time. While previous studies have examined long-term seasonal patterns in the consumption of fresh material, mechanisms explaining short-term variation in dietary preferences have not been explored. We used faecal analysis to determine how short-term variation in weather affects the ratio of herbivory to detritivory in the land snail Cepaea nemoralis. Averaged across sampling dates, c. 9% of the faeces were composed of fresh plant material, with the remainder consisting of plant litter and soil. Temperature, relative humidity and soil moisture did not affect the proportional consumption of fresh material; however, snails consumed more soil with increasing temperature. If there had not been a recent precipitation event, the mean proportion of fresh material in the faeces more than doubled on average; however, this increase only occurred in areas of low herbaceous cover. Our results suggest that an increased proportion of snails consume fresh material during dry periods to compensate for water losses. Moreover, our study highlights that studies of dietary composition in the field need to account for short-term variation in feeding preferences caused by weather.
INTRODUCTION
Terrestrial gastropods are important invertebrate herbivores and detritivores, which can play a major role in structuring plant communities (Hanley, Fenner & Edwards, 1996; Crawley, 1997; Buschmann et al., 2005) . They have been successful in a variety of habitats, with some groups of gastropods (e.g. helicoids) becoming dominant, widespread invertebrates in terrestrial ecosystems (Barker, 2001) . They are typically nocturnal feeders, roosting during the daytime to avoid desiccation and migrating to food patches at dusk (Speiser, 2001 ). The range of gastropod foraging is limited by slow movement as well as the costly mucous layer they must lay down during crawling (Denny, 1980) . Vision usually plays a minor role in locating food (Zieger & Meyer-Rochow, 2008; Zieger et al., 2009 ) and chemotaxis in terrestrial gastropods requires strong signals that are typically only effective from food items in close proximity (cm) (Bailey & Wedgwood, 1991) . Likely due to these limitations, gastropods have developed a generalist feeding strategy that allows them to feed on many of the food items they encounter (Speiser, 2001) . In general, plant detritus and fresh material make up the majority of their diets (Speiser, 2001) ; however, they also consume a variety of other items including soil (Williamson & Cameron, 1976) , fungi (Wolda, Zweep & Schuitema, 1971; Jennings & Barkham, 1975) , dung (Speiser, 2001 ) and occasionally animal-derived foods (Iglesias & Castillejo, 1999) . In choosing between fresh plants and detritus, terrestrial gastropods have to trade-off between maximizing nutritional quality and minimizing secondary chemical content in their food (Freeland & Janzen, 1974; Bernays et al., 1994) . Fresh foods are typically higher in nutrient content, but also in secondary chemical compounds (Freeland & Janzen, 1974) . Additionally, fresh palatable plants can be rare in gastropod habitats (Chang, 1991) and may incur a substantial foraging cost to locate.
Although generally low, the ratio of herbivory to detritivory in terrestrial gastropods exhibits high temporal variability (Williamson & Cameron, 1976; Speiser & Rowell-Rahier, 1991; Chevalier et al., 2001; Ha¨gele & Rahier, 2001) . Feeding preferences for specific fresh plants can fluctuate with seasonal changes in plant secondary chemistry (Speiser & Rowell-Rahier, 1991; Ha¨gele & Rahier, 2001 ), protein and mineral content (Iglesias & Castillejo, 1999) and plant availability (Williamson & Cameron, 1976; Ha¨gele & Rahier, 2001) . For example, Williamson & Cameron (1976) determined that Cepaea nemoralis increased its consumption of living herbs from 9% in June to 17% in August. Despite the higher nutritional value of the plants earlier on in the season, Arianta arbustorum increased its consumption of fresh material from 28% in May to 48% in July, potentially in response to lower concentrations of secondary chemical compounds (Ha¨gele & Rahier, 2001) . In contrast, Iglesias & Castillejo (1999) found that consumption of fresh material in Helix aspersa was highest during the spring and lowest during the autumn. While, in some cases, broad seasonal trends in herbivory appear to be partially explained by plant availability and plant quality (Williamson & Cameron, 1976; Speiser & Rowell-Rahier, 1991) , this may not be consistent throughout the season (Hatziioannou, Eleutheriadis & Lazaridou-Dimitriadou, 1994; Ha¨gele & Rahier, 2001) . In fact, Ha¨gele & Rahier (2001) found that plant availability and plant quality only explained half of the temporal variation in diet and the authors suggested that other 'hidden factors' may be contributing to fluctuations in dietary composition.
In the investigation of diet variability, faecal analysis is a commonly used tool and has contributed significantly to our understanding of gastropod feeding preferences (Wolda et al., 1971; Richardson, 1975b; Carter, Jeffery & Williamson, 1979; Speiser & Rowell-Rahier, 1991; Chevalier et al., 2001) . It is a noninvasive, postingestive procedure that does not influence the subject at the time of feeding and allows quantitative measurements of food ingestion (Speiser, 2001) . Faeces have typically been sampled approximately once per month during the growing season to determine seasonal trends (Richardson, 1975b; Williamson & Cameron, 1976; Iglesias & Castillejo, 1999; Chevalier et al., 2001; Ha¨gele & Rahier, 2001) ; however, dietary composition may be influenced by other factors, which vary on shorter time scales. For instance, terrestrial gastropod activity is strongly affected by weather conditions (Richardson, 1975b; Chang, 1991; Chang & Emlen, 1993) , which can be highly variable on the scale of days. These short time-scale factors, such as humidity, precipitation and temperature, can have significant effects on seasonal snail distribution and activity (Richardson, 1975b; Chang & Emlen, 1993) and may influence gastropod diet. High relative humidity is positively associated with dispersion and activity (Cameron, 1970; Kasigwa, 1999a, b) and also with the initiation of feeding times in some snails (Cameron, 1970; Dourson, 2008) . The effects of precipitation on gastropod behaviour are well known (Machin, 1975) and rain can be an influential factor in determining snail activity levels (Richardson, 1975a) and time spent foraging (Jaremovic & Rollo, 1979) . In fact, many faecal studies have featured sampling during or after major rain events (Williamson & Cameron, 1976; Speiser & Rowell-Rahier, 1991) , because snails are most active and accessible at these times (Machin, 1975) . Conversely, heat stress can be a major cause of snail mortality (Richardson, 1975a) and snails may choose resting plants that provide both shelter and food in the hot summer months (Chang & Emlen, 1993) . Hot and dry weather may restrict gastropod foraging to sheltered microhabitats, and hence potentially limit accessibility to palatable plant species (Cook, 2001) . Indeed, seasonal variation in the consumption of a particular plant species may often be in response to local environmental variables (e.g. temperature) rather than plant selection (Cook, 2001) . However, it is not currently known how short-term weather patterns may affect gastropod foraging and subsequently our inferences about dietary composition over longer time scales.
We investigated the relative proportions of herbivory and detritivory in the field by the helicid snail, Cepaea nemoralis. Using faecal analysis, we explored how snail feeding may be affected by short-term weather and environmental conditions and how this may be influenced by age class. We hypothesized that temperature (of air and soil), precipitation, relative humidity and soil moisture would cause variation in the proportions of herbivory and detritivory. In particular, based on the assumption that cool, wet conditions allow snails to disperse further (Kasigwa, 1999a) and forage more extensively (Jaremovic & Rollo, 1979) , we predicted snails would feed on a high proportion of fresh plants, which are patchy but high in nutrients, during cool, wet periods, whereas during hot, dry periods snails would feed on a higher proportion of locally abundant detritus.
MATERIAL AND METHODS

Study site
Our study population of Cepaea nemoralis was located in a 0.4-ha old field at the Agriculture Canada Southern Crop Protection and Food Research Centre, in London, Ontario, Canada (43801 0 45 00 N, 81812 0 50 00 W, 264 m a.s.l.). The site was removed from crop rotation in the early 1980s, sown with the grasses Bromus inermis and Poa pratensis, and has been left unmanipulated since. It is currently dominated by these two grass species, with a patchy distribution of forbs and trees (Table 1) . Soil temperature was monitored at the site as part of an unrelated experiment (Turner & Henry, 2009) , with 10 107BAM-L temperature sensors at 2 cm depth, and 10 CS616-L time domain reflectometry probes placed from 0 to 15 cm depth to measure moisture content (both probes manufactured by Campbell Scientific Canada Corp.). Hourly rainfall, air temperature data and relative humidity were obtained from a weather station ,1 km from the study site.
Study species
Cepaea nemoralis is a medium-sized land snail native to Europe that has become locally abundant where introduced in North America over the last 150 years (Pilsbury, 1939; Whitson, 2005) . It has been studied previously using faecal analysis (Grime & Blythe, 1969; Richardson, 1975b; Williamson & Cameron, 1976; Carter et al., 1979) and there is no significant bias between egested and digested foods (Wolda et al., 1971) . Cepaea nemoralis prefers to consume senesced material over live tissues (Richardson, 1975b; Chang, 1991) , but also shows very selective preferences for a few live plant species (Grime, MacPherson & Dearman, 1968; Chang, 1991) . Forbs are more palatable than grasses (Grime et al., 1968; Wolda et al., 1971; Carter et al., 1979; Chang, 1991) with live grasses being particularly unpalatable (Chang, 1991) . However, plant species composition in the diet of C. nemoralis and the relative amounts of herbivory and detritivory appear to be site-specific (Wolda et al., 1971) . The snail has been present locally for over 50 years (Judd, 1953) and is very conspicuous at our field site. Random ground search estimates in 112 1-m 2 quadrats revealed that densities at the site were c. 2.5 snails/m 2 over the course of our study.
Faecal analysis
We divided the site into 32 10 m Â 10 m sampling areas with a 1-m walking buffer surrounding them. We collected snails on 11 dates throughout the 2008 growing season, never exceeding 2 weeks between collection dates (26 June, 3 July, 16 July, 22 July, 3 August, 13 August, 20 August, 27 August, 9 September, 23 September and 29 September). On each collection day, snails were collected from each sampling area between 06.00 and 11.00 h. When possible, we collected at least one individual from three age classes in each of the 32 sampling areas of the field; one small juvenile (9 -14 mm diameter), one medium juvenile (15 -19 mm diameter) and one adult (reflected shell lip formed, 18 -24 mm diameter). Snails were transported to the laboratory, kept in individual Petri dishes and fed moist filter paper. When filter paper was seen in the faeces (typically within 24 h) it was assumed that all the contents from the gut had been egested (Williamson & Cameron, 1976 ). The snails were then returned to the same sampling areas from which they had been collected. Faeces were collected from the Petri dishes and stored in a freezer (2208C) until analysis (Carter et al., 1979) . Based on colour and texture, we recorded the proportion of the faecal string by volume that was from fresh plants, detritus or soil (Williamson & Cameron, 1976) . No attempt was made to identify plant species composition in the faeces. Digestive gland faeces contain no recognizable plant material and were not included in the analysis (Wolda et al., 1971; Williamson & Cameron, 1976) .
Statistical analysis
To assess temporal variation in dietary composition, we used random permutation tests to determine if environmental variables, snail age and sampling date affected the amount of fresh material, detritus and soil that was consumed by snails. All juveniles were pooled for statistical analysis due to the low numbers of small juveniles collected on some sampling days. The averages of soil moisture, soil temperature, air temperature and relative humidity and the sum of rainfall over the day prior to sampling were used to determine environmental effects on diet. We estimated the per cent plant cover of each sampling area in July and examined differences between sampling areas, rather than the relatively minor seasonal changes in per cent cover within sampling areas. We calculated the percentage of herbaceous cover by summing the cover of all the forbs within each sampling area (excluding the unpalatable Solidago altissima; Chang, 1991); however, the majority of this cover was composed of the highly palatable Cirsium arvense (Grime et al., 1968; Wolda et al., 1971) and Lotus corniculatus (Richardson, 1975b; Williamson & Cameron, 1976) . Due to the strong correlations between the environmental variables of (1) air temperature and soil temperature, and (2) relative humidity and soil moisture, we used principal components analysis to create two separate composite scores for 'temperature' and 'moisture'. Principal components axis 1 explained 85% of the variance in the composite temperature score and was characterized by high positive loadings of air temperature and soil temperature. The principal components axis 1 for the composite moisture score explained 95% of the variance and was characterized by high positive loadings of soil moisture and relative humidity.
Statistical significance was calculated by performing exhaustive permutations of the data. A three-way permutational ANOVA was used to determine the effects of snail age, recent precipitation and herbaceous plant cover on the consumption of fresh material, detritus and soil. This analysis revealed a significant interaction between herbaceous plant cover and recent precipitation. Due to the fact that herbaceous cover was highly bimodal (all herbaceous cover estimates were either ,10%, mean ¼ 4.6% n ¼ 24 or .20%, mean ¼ 24.7%, n ¼ 8), herbaceous plant cover was grouped into low (,10% coverage) or high cover (.20% coverage) for further analysis. We used a Tukey's honestly significant difference (HSD) test to determine significant differences between means using recent precipitation and herbaceous plant cover as categorical variables. Composite scores for temperature and moisture were correlated with fresh material in the diet using a separate permutational ANOVA. Permutations were performed using the lmperm language-R package and all statistical analysis was performed in R v.2.11.1 (R Development Core Team, 2008).
RESULTS
Fresh material was present in 29% of snails sampled over the summer (N ¼ 904). Among sampling dates, mean fresh material in the faeces ranged from 4% to 18% of the total diet (pooled over adults and juveniles), with a mean of 9% over all sampling periods. Significant changes were observed in the percentage of fresh material in the diet (P , 0.001; Fig. 1 ) between sampling dates, but there was no clear seasonal trend in this variation.
There was no effect of the composite temperature score on fresh material (P ¼ 0.12) or detritus (P ¼ 0.18); however, there was an increase in soil consumption with increasing temperature (r 2 ¼ 0.50, P ¼ 0.016; Fig. 2 ). The composite moisture score did not affect the consumption of fresh material (P ¼ 0.29), detritus (P ¼ 0.63) or soil (P ¼ 0.31) in the diet. Herbaceous plant cover had no effect on the amount of fresh material consumed (P ¼ 0.44); however, there was a strong interaction between precipitation events and herbaceous plant cover (P , 0.001; Fig. 3) .
In areas of low cover, there was a significant increase in fresh material in the faeces from 5% to 13% if a precipitation event had not occurred the day prior to sampling (P , 0.001), but this increase did not occur in areas of high herbaceous cover (P ¼ 0.123). Recent precipitation events did not affect the consumption of plant detritus (P ¼ 0.98) or soil (P ¼ 0.19). Adults and juveniles did not differ in the amount of fresh material (P ¼ 0.16) or detritus they consumed (P ¼ 0.60); however, juveniles consumed 13% soil while adults only consumed 8% (P ¼ 0.007).
DISCUSSION
Contrary to our hypothesis, the proportion of herbivory by snails increased during dry periods rather than during cool wet periods. In periods of reduced rainfall, a more than two-fold increase in the amount of fresh material in the diet indicates that rainfall may be an important predictor of snail herbivory relative to detritivory. In as little as 2-3 days without rainfall, Cepaea nemoralis typically responds by reducing activity levels during the day and increasing the formation of epiphragms across the shell opening to reduce water loss (Richardson, 1975a; Jaremovic & Rollo, 1979) . However, by utilizing sheltered microhabitats during the daytime, C. nemoralis may continue to feed at night and avoid reduced growth rates from prolonged periods of aestivation (Jaremovic & Rollo, 1979) . Nevertheless, even if snails are only active for a brief period of time, C. nemoralis can lose up to 20% of its body weight within 24 h (Cameron, 1970) . Terrestrial gastropods can recover Changes in the amount of fresh material consumed by Cepaea nemoralis in areas of low herbaceous cover on days with a recent precipitation event (n ¼ 303) or without a recent precipitation event (n ¼ 381) and in areas of high herbaceous cover on days with a recent precipitation event (n ¼ 92) or without a recent precipitation event (n ¼ 128) (recent precipitation was defined as occurring the day prior to sampling). Bars with the same letter represent means that are not significantly different from one another based on a Tukey's HSD test. Error bars represent bootstrapped 95% confidence intervals.
water losses by absorbing water through the foot from a moist substrate during 'contact rehydration' (Prior & Uglem, 1984) . However, contact rehydration in the field may require rain pools, potentially up to 0.5 cm deep (Matanock & Welsford, 1995) and during periods without recent rainfall there would be minimal standing water available for uptake. Furthermore, even after becoming fully rehydrated, snails may lose most of the recovered water within the first 24 h of desiccation (Arad, Goldenberg & Heller, 1998) . Fresh plant tissues typically contain 80-90% water (Speiser & Rowell-Rahier, 1991; Ha¨gele & Rahier, 2001 ) and would represent a large potential water store for gastropods in dry periods. Water can be readily absorbed by the gastropod digestive system (Klein- Rollais & Daguzan, 1988) and is typically assimilated with the food item (Pallant, 1970) . Adult C. nemoralis can lose c. 4-8 mg of water per hour (Cameron, 1970) ; however, depending on assimilation rates, snails may be able to uptake between 3 and 7 mg of water per hour through consumption of wet foods (Machin, 1975) . While we support the conclusion of Machin (1975) , that integument absorption is more important to overall water economy than dietary water, our results suggest that snails can compensate for water loss during dry periods by obtaining water from food items.
Previous studies have investigated the role of water in dietary selection; for example, Speiser & Rowell-Rahier (1991) sampled water content between plant species and determined that it did not have an effect on snail feeding choice. Likewise, Ha¨gele & Rahier (2001) observed that seasonal variation in plant water content among fresh plants was not a good predictor for seasonal variation in feeding preferences. Nevertheless, both of these studies examined variation in water content between fresh plants, and this variation was relatively minor (Speiser & Rowell-Rahier, 1991: ,30%; Ha¨gele & Rahier, 2001 : ,5%) in comparison to potential differences between dry leaf litter and fresh plants. Under normal conditions, C. nemoralis would likely avoid most fresh plants due to high levels of secondary chemical compounds (Dirzo & Harper, 1982; Speiser & Rowell-Rahier, 1991; Ha¨gele & Rahier, 2001) ; however, during periods without a recent precipitation event, snails may shift their diet towards fresh material if the benefits of accessing water outweigh the cost of processing plant toxins. In our study, the increase in the consumption of fresh material during periods of low rainfall occurred in areas that had a low coverage of herbaceous plants. One potential explanation for this observation is that snails may be restricted to foraging on fresh plants in the vicinity of their roosting sites (Cook, 2001) , regardless of palatability, in order to avoid water losses associated with searching for highly palatable plants that are locally rare. The palatability of fresh plants may increase if snails are in a nutrient-starved or hungry condition (Dirzo & Harper, 1980) and, because fresh plants are relatively equal in their water content, snails may not discriminate between them when in a dehydrated state. While the lack of response to precipitation events in areas of high herbaceous coverage is surprising, herbaceous plants provide better sheltered habitats than grasses (Chang & Emlen, 1993) and consequently individuals in areas with higher herbaceous cover may be more hydrated and less inclined to feed on fresh plants. However, because we did not determine dietary species composition or measure body condition in our samples, we cannot make conclusive statements about how recent rain events would affect feeding decisions based on species-specific palatability of plants. Nevertheless, these results illustrate that seasonal trends in dietary preferences inferred from a limited number of sampling points must be interpreted with caution, particularly if a disproportionate number of sampling dates within any given season happen to coincide with episodic rain events by chance.
While relative humidity and soil moisture did respond to recent rain events, they did not correlate well with herbivory levels. It is possible that environmental data collected for the entire site did not accurately reflect conditions that snails were encountering in particular microhabitats. For instance, relative humidity may vary widely between vegetation patches, even within a site (Cameron, 1970; Jaremovic & Rollo, 1979) and snails may utilize microhabitat patches that maintain relatively stable conditions despite larger changes in the surrounding environment (Dourson, 2008) . Furthermore, soil moisture exhibited strong variation based on temperature during periods without rain and, therefore, was not likely to have been strongly correlated with the availability of standing water or dew. Surface moisture may dry out rapidly following rain events and it would be more representative of the conditions conducive to contact rehydration than the soil moisture measured by the probes from 0 to 15 cm depth. While increased or finer resolution sampling may have revealed significant correlations between these environmental factors and the consumption of fresh material, we suspect that the presence of standing water from recent rainfall would still explain the largest amount of variation in herbivory. Whereas relative humidity and soil moisture may interact to affect the rate at which water is lost from the integument through evaporation, precipitation may directly affect feeding decisions by providing access to nondietary water and reducing the need to feed on fresh plants that are potentially high in secondary chemical compounds.
Soil consumption was significantly higher in juveniles, a phenomenon that has previously been reported (Richardson, 1975b; Williamson & Cameron, 1976) ; however, the composite temperature score explained a large amount of the variation in the consumption of soil in both adults and juveniles across sampling dates. Soil may act as a digestive aid (Williamson & Cameron, 1976; Ha¨gele & Rahier, 2001 ) and is possibly important for nutrient acquisition (Elmslie, 1998) . Although the role of soil in nutrition is not fully understood, snails may extract humic acids (Elmslie, 1998) , calcium (Fretter & Graham, 1962) or be digesting soil organisms (Williamson & Cameron, 1976; Speiser & Rowell-Rahier, 1991 ) from soil particles. Microbial biomass at our site increases with temperature (Bell, Klironomos & Henry, 2010) and the increased soil consumption by snails during warmer periods may be correlated with increased soil palatability due to higher levels of soil organisms.
Overall, our study indicates that recent rain events and temperature can have strong effects on the feeding preferences of terrestrial gastropods. It has long been recognized that weather can affect snail activity and distribution; however, our results suggest that precipitation can decrease snail herbivory over the short term by reducing their need to select hydrated food items. The common practice of collecting snails for faecal analysis following rain events may cause snail detritivory to be overestimated. Likewise, when sampling is not deliberately timed to coincide with rain events, seasonal variation in the relative amounts of snail herbivory and detritivory should be interpreted in the context of whether specific sampling dates coincided with recent precipitation by chance. In our study we only examined short-term responses of snails to rain events and it remains to be tested whether increased precipitation over the course of a season substantially shifts snail diets from herbivory to detritivory.
